Abstract-Active-filter-based power-quality improvement schemes, in general, focus on the reduction of total harmonic distortion (THD) and improvements in power factor (PF). This may not be adequate because standards, such as IEEE-519/IEC 61000, require that apart from PF and THD, selective (specific) harmonic distortion (SHD) too, should be controlled. The issue is further complicated due to the presence of nonsinusoidal current and voltage waveforms in the power system. Under such conditions, any attempt to achieve unity PF does not result in harmonic-free current (or voltage). Similarly, compensation for current (or voltage harmonics) does not yield unity PF. The best solution to this tradeoff is the optimization of PF, SHD, and THD. This paper presents an algorithm which restricts the THD and SHD within the specified limits, while optimizing the PF. The algorithm uses the Lagrange optimization technique to minimize the total apparent power. The average active power demanded by the load dictates the equality constraint, while the maximum limits on THD and SHD lead to inequality constraints for the optimization problem. All of the analytical, simulation, and experimental results of this work are presented.
I. INTRODUCTION
I N recent years, there has been an increased use of power-electronic systems among the power-supply utilities and consumers. These nonlinear loads draw nonsinusoidal current from the source, causing nonsinusoidal voltage drops across the transmission line and transformer impedances [1] . Additionally, voltage source-type harmonic producing loads [2] , such as diode rectifiers with large filter capacitors, inject voltage harmonics into the system. This results in nonsinusoidal supply voltage waveforms at the point of common coupling (PCC) as shown in Fig. 1 . The behavior of each voltage and current harmonic depends on its order. Harmonics adversely affect virtually every component in the power system [3] . Though every harmonic component is detrimental, certain harmonic components are particularly harmful for equipment or applications. Even harmonics, especially the second order, cause waveform distortion characterized by asymmetries between the positive and the negative half cycles. This results in core saturation in transformers due to the presence of the dc component. The triplen harmonic currents, on the other hand, add arithmetically, instead of canceling, at the neutral point, and can go up to 1.73 times the phase current [4] . This results in the overloading of neutral conductors and requires special consideration, as neutral conductors are not provided with overcurrent protection. In induction machines, harmonic pairs, such as fifth and seventh, can produce intermediate harmonic current in the rotor. It also induces mechanical oscillations in a turbine-generator or the motor-load system [5] . Under nonsinusoidal voltage conditions, unoriented core material used in rotating machines produces higher magnetic loss [6] .
Realizing the significant impact of these harmonics on the life and performance of equipment and components connected to the power system, regulatory agencies have specified limits for selective harmonic distortion (SHD) in addition to the total harmonic distortion (THD). Accordingly, standards, such as IEC 61000 [7] and IEEE 519 [8] , specify the limit for both individual and THD in voltage and current. The current THD and SHD limits specified by IEC 61000 3-4 (1998) for a balanced 3-, low-voltage equipment for a selected range, is given in Table I .
Various techniques have been reported to compensate the harmonic distortion in current using shunt active filters. Most of these techniques [9] - [11] , assume a sinusoidal supply voltage and an attempt is made to achieve a sinusoidal source current. A few compensation techniques [12] , [13] have also considered the harmonics present in the supply voltage. But there is not enough literature available for selective harmonic control, though its need has been highlighted [14] .
0885-8977/$25.00 © 2008 IEEE TABLE I CURRENT DISTORTION LIMIT FOR EQUIPMENT (> 16 A PER PHASE) [7] When the supply voltage is nonsinusoidal, any attempt to make the current a perfect sine wave, leads to a poor power factor (PF). On the other hand, achieving a unity power factor by shaping the current waveform similar to voltage, results in distorted current [12] , [13] . Similarly, making the load voltage waveform sinusoidal by using a series active filter, may reduce the PF since the current may be distorted. However, making the load voltage in phase and of the same shape as current may improve the PF, but the voltage distortion will be greater. Thus, there is a tradeoff between the requirements of high PF and low THD. The best solution to this tradeoff is the optimization of PF and THD (i.e., shape the source current or the load voltage in such a way that the PF is optimum while keeping THD within the limit). However, during this process, some of the individual harmonics may exceed their limit. This paper presents a flexible algorithm applicable to shunt or series active filters under nonsinusoidal supply voltage and current conditions to achieve the following objectives.
1) Restricting the individual harmonic components of source current or load voltage according to the requirements. 2) Limiting the THD in current or voltage waveforms according to the requirements. 3) Optimization of PF in conjunction with 1) and 2). The proposed algorithm fully complies with the requirements of IEEE-519 or IEC-61000 or any other standard for that matter.
II. PROPOSED ALGORITHM FOR TOTAL AND SELECTIVE HARMONIC CONTROL An algorithm is proposed for shunt and series active filter for the compensation of selective and THD in current and voltage, respectively, using the Lagrange multiplier optimization technique [15] . The algorithm also optimizes the PF while ensuring THD within the specified limit in addition to selective harmonic control. A compensation algorithm applicable to both shunt and series active filters is described.
A. Generalized Algorithm for Shaping the Waveforms
Let and represent two nonsinusoidal waveforms of different shapes with a certain phase angle between each harmonic component that is present in them. This can be represented as (1) where is the order of harmonics present in , is the rms value of the th order harmonic component of " " and can be determined using the discrete Fourier transform.
is given by (2) where is the order of harmonic present in , is the rms value of the th-order harmonic component of " " and is the corresponding phase angle between and . In order to shape the same as , without any phase shift between them, the following conditions need to be satisfied.
1) Similar order of harmonics should be present in both the waveforms and . 2) Ratio of the rms value of each harmonic component of one waveform to the corresponding component in the other waveform should be equal. 3) Phase angles corresponding to similar harmonic components in the two waveforms should be zero. Accordingly, should be modified to as follows:
where is the rms value of the modified and is given by (4) where is the harmonic ratio of the rms value of the harmonic component of to the corresponding component of , and varies from 1 to i.e.,
If the ratio is the same for all harmonics, the shape of the waveforms (1) and (3) will be the same. Similarly, it is possible to shape the same as . Also, by controlling the values of , the shape can be controlled. This principle is used in this paper to shape the current or voltage to the desired one. The most appropriate values for are obtained using the Lagrange optimization technique.
B. Application of the Technique to Shape Voltage or Current
When a nonlinear load is connected to a nonsinusoidal supply, due to the characteristics of supply and load, similar or dissimilar order of harmonics may be present in the voltage and current. With this assumption, let the supply voltage contain harmonics of order and and the current contain harmonics of order and . The instantaneous voltage and current, containing these harmonics, are expressed by (6) (7) where and are the rms values of the th components of voltage and current, respectively, is the arbitrary angle of the th harmonic component of voltage, is the phase angle of the th harmonic component of current, and and the summation do not proceed with integer steps in any set of harmonic components.
A shunt active filter is used for limiting the SHD and THD in current. The desired source current is obtained from (6) and (7) by setting and retaining the order of harmonics to be the same as that of the supply voltage (8) where is the rms value of the th harmonic component of the desired source current. It is given by , where is the control variable defined as the admittance of the th-order harmonic component which is the ratio of the th-order harmonic component of the source current after compensation to the corresponding voltage component.
Similarly, a series AF can be used for the compensation of voltage harmonics. Since reactive power cannot be compensated by a series AF, assume that the current (7) is in phase with the supply voltage (6) for simplicity [i.e., make in (7)]. The desired load voltage is computed in a similar way as (8) and is given by (9) where where is the control variable defined as the impedance of the th-order harmonic component which is the ratio of th-order harmonic component of load voltage after compensation to the corresponding load current component.
Since optimization technique computes the most suitable value of for a shunt or series AF, the Lagrangian-multiplier technique is used that optimizes the PF while limiting the SHD and THD in current or voltage.
1) Objective Function : According to the Lagrange optimization technique, an augmented Lagrange function can be written as (10) where is the objective function, represents the equality constraint, and , , and , etc., represent the inequality constraints. , , , , and represent unknown quantities. More constraints can be added to this equation. However, it will increase the number of unknowns and, therefore, the computational time will increase.
For a given active power, the PF can be improved by minimizing the total apparent input power [16] . The definition of apparent power under nonsinusoidal conditions is a matter of debate. However, in this work, we have considered where and . Further, the total PF of the system is considered which is due to distortion as well as the displacement PF. is taken as the objective function in the case of both shunt and seriesAFs. For a shunt AF, the objective function is constructed using (6) and (8) as (11) where harmonics and have been combined and denoted by " ." Substituting , the objective function for a shunt AF is given by (12) Similarly, the objective function for the series AF can be formed by using and as (13) 2) Equality Constraint: The source current is calculated in such a way that it should supply only the mean value of the instantaneous real power demanded by the load after compensation. The compensating circuit supplies the remaining power. Thus, the equality constraint is formed by applying the condition that the mean value of instantaneous power demand before and after compensation should be the same.
As the displacement angle between the supply voltage and current is zero after compensation, the mean value of the instantaneous real power in the case of the shunt active filter is given by (14) Hence, for a shunt active filter, the equality constraint is given by (15) Similarly, for a series active filter, the equality constraint is written as (16) 3) Inequality Constraints: There are two inequality constraints to be met. The SHD and THD in current or voltage should be within the specified limits. 1) Total harmonic distortion. Let the THD limit in current be and the SHD limit be . Then, the inequality constraint for the shunt active filter can be determined as below
Similar expression can be obtained for a series active filter as follows:
2) Selective harmonic elimination. Let the th-order current harmonic component be limited and the corresponding harmonic distortion limit be . The individual harmonic distortion factor is the ratio of the magnitude of the corresponding harmonic component to the fundamental component of the current. For a shunt active filter, inequality constraint , corresponding to the selective harmonic distortion can be formed as A similar expression can be written for a series active filter as
4) Lagrange Function:
The objective is to minimize , given the equality constraint and the inequality constraints , and . In general, in order to shape to a desired value, using (1) and (3), the augmented function is written as (25) where , , and are the unknown quantities and and are the respective limits specified by the standards, which the THD and SHD cannot exceed.
By applying the necessary conditions for the constrained local minima of [15] , the unknowns can be computed. After computing , the rms value of the harmonic component of can be obtained by using (4) . Using the inverse DFT, can be computed. Similarly, the desired source current and desired load voltage can be determined and the compensation current and compensation voltage for shunt and series filter, respectively, can be computed as (26) (27)
III. SIMULATION RESULTS
To verify the algorithm for selective and total harmonic control using shunt or series active filters presented in the preceding sections, a balanced, 3-, 4-wire, 415-V, 50-Hz, trapezoidal voltage supply, having 21.02% THD and 20.5% third harmonic distortion is considered. To verify the performance of the algorithm, simulation studies have been carried out for the following three cases.
Case 1) Verification of the algorithm to limit THD and SHD in current per IEC-61000 3-4 by using a shunt active filter. Case 2) Capability of the algorithm to limit even harmonic distortion in current, using a shunt active filter. Case 3) Verification of the algorithm to limit THD and SHD in voltage per IEC 61000 2-2, using a series active filter.
1) Case 1: Fifth harmonic distortion
limited to 14% and THD limited to 16% using a shunt active filter. A combination of 3-diode rectifiers and 3-resistive networks act as the load which consumes around 55-kW power. The PF of the circuit without compensation is 0.95, while the current THD is 25.67%, which is greater than . MATLAB-SIMULINK software is used for the verification of the algorithm. Waveforms of the nonsinusoidal supply voltage and load current for "phase-a" of the sample power system considered are shown in Fig. 2 .
The harmonic spectra of the supply voltage and source current (the same as load current) before compensation are shown in Fig. 3 . The voltage spectrum in Fig. 3(a) shows that the third harmonic component is predominant and is about 20% of the fundamental voltage. However, 5th and 7th harmonic components are predominant in the load current. For clarity, the magnitude of the higher order harmonics is plotted separately and shown as the "inset" of Fig. 3(b) . It can be seen that the fifth harmonic component of the current is around 16.83% and the 7th harmonic component is 11.05% of the fundamental with a THD of 25.67%. Therefore, according to the standard (Table I) , the THD as well as the individual harmonic distortion in current exceed their limits. Fig. 4 shows the harmonic spectrum of the desired source current. It shows that the THD and the fifth harmonic distortion are within the set limits. However, the third harmonic component of current is increased after control. The specialty of the algorithm is that in case the third harmonic component exceeds the specified limit, by adding one more constant inequality, this component can also be limited.
2) Case 2:
The second harmonic distortion in the source current is limited to 3% and THD is limited to 5% using the shunt active filter.
Considering the severe impact of even harmonics on the system, IEEE 519 requires that even harmonics be limited to 25% of the odd harmonic limit. To show the effectiveness of the proposed algorithm in restricting the second harmonic component, a half-wave rectifier load of 10 kW is connected to the same supply as considered in Case 1). Fig. 5 shows the waveform of load current, desired source current after compensation, and the compensation current, which limits the current THD to 5% and the second current harmonic distortion to 3%.
Before compensation, the source current (which is the same as the load current) flows only during the positive half cycle of the supply due to which even harmonics are injected into the system. However, after compensation, the current is uniformly distributed during a positive and negative half cycle with less distortion, thus achieving an optimum PF. Harmonic spectra of the source current before compensation and the desired source current are shown in Fig. 6 . Harmonic spectrum of the load current in Fig. 6(a) indicates that in addition to odd harmonics, even harmonics are also present in the system. It shows that the 2nd and 4th harmonic components are around 50% and 20%, respectively, of the fundamental component. Fig. 6(b) clearly proves that using the proposed algorithm, it is possible to limit the THD to any specified value and, at the same time, individual harmonics (second harmonics in this case) can be limited to the specified value.
Using the data of Figs. 5 and 6, it is observed that the second harmonic component is reduced from 50% to 3% of its fundamental component after compensation. The current THD is found to be less than 5%. It can be verified that the algorithm is capable of limiting the current THD and the second-order current harmonic distortion to within the specified values of 5% and 3%, respectively. At the same time, the PF too is improved to 0.986 from 0.808.
After computing the reference compensating current, the pulses for the inverter circuit are obtained using hysteresis current control. A 3-, three-leg inverter is used for injecting the compensation current into the system Fig. 7 gives the phase-a waveforms of the desired source current and resulting source current ( -resultant) after compensation for Case 2). It can be seen that the actual current tracks the desired source current. This is also applicable to Case 1).
3) Case 3: Limiting third harmonic distortion to 5% with in load voltage using the series active filter. The proposed algorithm is also verified for compliance as per the IEC 61000 2-2 limit of 8% on and 5% on . Fig. 8 shows the waveforms of the phase-a supply voltage (the same as the load voltage before control) and the desired load voltage , obtained using the proposed algorithm. The reference compensation voltage is computed by subtracting the desired load voltage from the supply voltage. Fig. 9 shows the harmonic spectrum of the desired load voltage. A comparison of Figs. 3(a) and 9 shows that the third harmonic distortion is reduced from 20.5% to less than 5%. Table II shows the com- puted values of the individual harmonic distortion and magnitude of harmonic components of the supply voltage before and after compensation. It indicates that the third harmonic distortion in the load voltage is reduced from 20.5%, to within the set value of 5%. Even the ninth harmonic distortion is reduced from 2.19% to 0.29%. Though 5th and 7th harmonic distortion is slightly increased, it is within the specified limit as per the standard. Table III lists the PF, voltage THD, and third ordervoltage harmonic distortion before and after compensation.
IV. HARDWARE IMPLEMENTATION OF THE ALGORITHM
The experimental verification of the proposed algorithm is carried out on an experimental prototype with a TMS320LF2407A DSP kit used for computation and control purposes. The DSP performs optimization according to the algorithm presented in Section II and generates an appropriate reference compensation current (or voltage) required by the shunt (or series) active filter for the desired compensation.
A. Selective and Total Current Harmonic Control Using Shunt Active Filter (With and )
In order to validate the proposed control algorithm, a nonsinusoidal, 3-, 50-Hz, 45-V power supply was fabricated. A six-pulse diode rectifier with a 40-resistor forms the nonlinear load. The waveforms of the supply voltage and load current in phase-a are shown in Fig. 10 .
It is found that the source current THD is around 21.76% and the fifth harmonic distortion in the source current is 20.7%. The PF is 0.967. The proposed algorithm is tested for limiting the current THD to 10% and 5th harmonic distortion to within 5%. The corresponding reference compensation current is obtained using the DSP, and pulses for the inverter devices are generated using hysteresis current control. The source current before compensation (the same as the load current), the compensation current, and the resulting source current for the aforementioned set limit is as shown in Fig. 11 .
It is found that the THD in source current after compensation is 10.8% and the fifth harmonic distortion is 4.6%. The PF is optimized to 0.977. The waveform data are loaded into the MATLAB workspace and the harmonic spectrum is plotted as shown in Fig. 12 . It is evident from the spectrum that the fifth harmonic distortion as well as THD in source current is within the limit after control.
B. Selective Voltage Harmonic Control Using Series Active Filter (with and )
The experimental verification is performed on the same power system which is considered for the shunt active filter. The waveform of the supply voltage, load current, and the load voltage after compensation for the 3% voltage THD is shown in Fig. 13 . It is found that the voltage THD improves from 7.7 to 2.88% and the third harmonic distortion is reduced from 3.36 to 1.03% after compensation. The PF is optimized to 0.9607. 
V. CONCLUSION
A versatile algorithm has been proposed to limit the total and individual harmonic distortion in current or voltage under nonsinusoidal supply voltage and current conditions, using a shunt or series active filter, respectively. In addition to controlling the harmonics to meet any specified standard requirements, the proposed algorithm also optimizes the total PF of the system which includes distortion as well as displacement PF.
The specialty of the algorithm is its flexibility to meet any requirement. Even though the control of only one selective harmonic component has been considered in this paper, it is possible to control more components by adding more inequality constraints. It is also possible to change the objective function or equality constraints as per the requirement. The algorithm takes into account the harmonics present in both the voltage and the current, which is a more practical situation. The Lagrange optimization technique is used to solve the tradeoff between the PF and THD. The technique optimizes the PF while satisfying the constraints such as THD and the selective harmonic distortion limit. The algorithm is applicable to 1 and 3 under sinusoidal and nonsinusoidal conditions. An important feature of this algorithm is that it is also applicable in the case of a combination of series and shunt active filters (series-shunt active filter) to generate reference compensation voltage and current. It is possible to completely eliminate the harmonics present in the voltage and current using a seriesshunt active filter and, as such, there is no need for any optimization. However, optimization will be needed, if it is sufficient to limit the voltage and current harmonics to within a nonzero limit imposed by standards, instead of their complete elimination. To show the applicability of the algorithm, simulation is carried out on the same supply as in Case 1) (Section III). The desired load voltage and source current, obtained with voltage THD limited to 3% and current THD limited to 10%, are shown in Fig. 14 . More details of this aspect will be presented in a future paper.
